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Abstract
Background: Drug resistance is a major clinical drawback behind the failure of che-
motherapy in non-small cell lung cancer (NSCLC). In this study, we undertook to
identify the precise role of circular RNA (circRNA) circ_0058357 in the functional
properties of DDP-resistant NSCLC cells.
Methods: Circ_0058357, miR-361-3p and ATP-binding cassette (ABC) subfamily C
member 1 (ABCC1) were quantified by qRT-PCR and western blot. Cell survival and
viability were gauged by MTT assay. Cell proliferation, apoptosis, invasion and migra-
tion were measured by EdU, flow cytometry, transwell and wound-healing assays,
respectively. The direct relationship between miR-361-3p and circ_0058357 or ABCC1
was validated by dual-luciferase reporter assay.
Results: Our data showed that circ_0058357 was highly expressed in DDP-resistant
NSCLC tissues and cells. Inhibition of circ_0058357 repressed cell growth, invasion,
migration, and promoted DDP sensitivity and cell apoptosis of H1299/DDP and
A549/DDP cells in vitro. Moreover, inhibition of circ_0058357 diminished the growth
of A549/DDP cells and sensitized them to the cytotoxic effect of DDP in vivo. Mecha-
nistically, circ_0058357 contained a miR-361-3p binding site and miR-361-3p was
identified as a molecular mediator of circ_0058357 regulation. MiR-361-3p suppressed
ABCC1 expression by binding to ABCC1 30UTR, and miR-361-3p-mediated inhibi-
tion of ABCC1 affected the growth, invasion, migration, apoptosis and DDP sensitiv-
ity of H1299/DDP and A549/DDP cells. Furthermore, circ_0058357 regulated ABCC1
expression by competitively binding to shared miR-361-3p.
Conclusions: Our findings identified that inhibition of circ_0058357 suppresses the
growth and metastasis of H1299/DDP and A549/DDP cells and sensitizes them to
DDP therapy partially by targeting the miR-361-3p/ABCC1 axis.
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INTRODUCTION

Non-small cell lung cancer (NSCLC), accounting for the
majority of lung cancer, is one of the biggest causes of cancer
mortality worldwide.1 Cisplatin (DDP) is a clinically used che-
motherapeutic drug and DDP-based therapy has been the
standard-of-care for NSCLC patients, with a good perfor-
mance status.2,3 Unfortunately, DDP resistance frequently

arises, giving rise to a major clinical drawback. Despite inten-
sive efforts, mechanisms of resistance to DDP are still not fully
understood. Thus, to develop novel therapeutic approaches to
improve DDP efficacy in NSCLC, identifying the mechanisms
of DDP resistance is required.

Circular RNAs (circRNAs), a new kind of noncoding
RNAs, are covalently closed RNA transcripts with neither 50

caps nor 30 tails.4 Numerous studies have unveiled the
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post-transcriptional regulation of circRNAs in gene expres-
sion by competitively binding to shared microRNAs
(miRNAs), highlighting the importance of such interactions
in cancer pathogenesis and drug resistance.5–7 Moreover,
abnormal expression of circRNAs in DDP-resistant NSCLC
cells has been reported.8 For instance, Lu et al.9 uncovered
that circ_0096157 could regulate the malignant behaviors of
DDP-resistant A549 cells (A549/DDP). Pang et al.10

ascertained that downregulation of circ_0031250 restrained
the growth and invasion of A549/DDP and H460/DDP cells
and sensitized them to DDP therapy depending on the mod-
ulation of the miR-4458/REV3L axis. Zhong et al.11 demon-
strated that circ_100565 was able to affect the functional
properties, including DDP sensitivity, in DDP-resistant
NSCLC cell lines by binding to miR-337-3p to induce
ADAM metallopeptidase domain 28. Circ_0058357, formed
by the head-to-tail splicing of exons of autophagy related 9A
(ATG9A) transcript, has been identified as a potent tumor
driver in NSCLC by upregulating AVL9 cell migration asso-
ciated (AVL9) by competing for shared miR-24-3p.12 In the
preliminary survey, we found that circ_0058357 is differen-
tially expressed in DDP-resistant NSCLC (A549/DDP) cells
versus the sensitive parental cells (Figure S1). Herein, we
undertook to explore the precise action of circ_0058357 in
the functional properties of DDP-resistant NSCLC cells.

Deregulated expression of miRNAs in DDP-resistant
NSCLC cells has also been uncovered.13 Recent studies have
identified the antitumor role of miR-361-3p in NSCLC,14–16

suggesting its tremendous therapeutic potential in NSCLC.
Moreover, downregulation of miR-361-3p is reported to be
associated with gefitinib resistance in NSCLC.17 ATP-
binding cassette (ABC) subfamily C member 1 (ABCC1,
multidrug resistance-associated protein 1/MRP1) is a pivotal
player in cancer-related multidrug resistance.18 Furthermore,
resistance of NSCLC to DDP involves ABCC1, wherein
ABCC1 operates as a contributor to resistance develop-
ment.19–21 Here, we provide evidence that circ_0058357, an
overexpressed circRNA in DDP-resistant NSCLC, affects the
functional properties and DDP sensitivity of A549/DDP and
DDP-resistant H1299 (H1299/DDP) NSCLC cells. We also
identify circ_0058357 as a post-transcriptional regulator
of ABCC1 expression through miR-361-3p, highlighting a
novel circRNA/miRNA/mRNA network in DDP-resistant
NSCLC cells.

METHODS

Human samples and cell lines

We obtained all human NSCLC samples from the First
Affiliated Hospital of Zhengzhou University with written
informed consent provided by all subjects. Use of human
samples was approved by the Ethics Committee of the First
Affiliated Hospital of Zhengzhou University. In total, we
analyzed 21 primary tumors (defined as sensitive) collected
from NSCLC primary patients before therapeutic treatment

and 23 NSCLC tissues (defined as resistant) obtained from
recurrent patients after treatment of DDP-based chemother-
apy to evaluate the expression levels of circ_0058357, miR-
361-3p and ABCC1.

We obtained human bronchial epithelial cells (HBE),
A549, H1299, H1299/DDP and A549/DDP NSCLC cells
from Procell. All cells were propagated in 10% FBS
RPMI-1640 medium (PAA-Laboratories) containing 1%
streptomycin–penicillin (Life Technologies) at 5% CO2,
85% humidity at 37�C.

RNA preparation, ribonuclease R (RNase R)
treatment and quantitative real-time PCR
(qRT-PCR)

We prepared total RNA using the NucleoSpin RNA II from
tissue samples and cultured cells as recommended by the
manufacturers (Macherey-Nagel). We isolated the cytoplas-
mic and nuclear RNA using the cytoplasmic and nuclear
RNA purification kit from H1299/DDP and A549/DDP cells
based on the manufacturer’s protocols (Norgen Biotek).
RNase R treatment was performed by adding 5 U of RNase
R (Geneseed) into 2 μg total RNA and 10 min incubation
at 37�C.

For the quantification of circ_0058357 and mRNAs,
reverse transcription (RT) PCR generated cDNA was done
using the random hexamers with QuantiTect RT Kit
(Qiagen); amplification of gene-specific products was
achieved by qRT-PCR using SYBR Green (Qiagen) and
designed primers (Table S1). For miRNA analysis, RT PCR
was done using the stem-loop RT primers and miScript II
RT Kit (Qiagen) and cDNA products were amplified and
quantified with miRNA-specific primers (Table S1) and
miScript SYBR Green Kit as per the manufacturer’s recom-
mendations. Using the comparative Ct method (2�ΔΔCt), we
determined the relative expression of target genes relative to
the housekeeping gene β-actin or U6.

Plasmids, oligonucleotides, and transient
transfection of cells

Human circ_0058357 expression plasmid pCD5-circ_0058357
and control plasmid pCD5-ciR were purchased from
Geneseed. Human ABCC1 expression plasmid was con-
structed by inserting human ABCC1 coding sequence (lacking
the 30UTR), synthesized by Abiocenter into EcoR I and Xba I
sites of the pcDNA3.1 vector (YouBio). Circ_0058357 siRNA
(si-circ_0058357) and mock siRNA (si-NC), miR-361-3p
mimic and mock mimic (miR-NC), anti-miR-361-3p and
anti-miR-NC oligo were obtained from GenePharma and their
sequences are shown in Table S1.

We plated H1299/DDP and A549/DDP cells in 12-well
dishes at 2 � 105 cells per well. The next day, the cells were
transfected with 30 nM miRNA mimic, 30 nM miRNA
inhibitor, or 100 nM siRNA and RNAiMAX or 1 μg of
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plasmid DNA and lipofectamine 3000 as per the manufac-
turer’s recommendations (Invitrogen) for transfection. We
harvested the transfected cells for cell viability, proliferation,
migration, invasion assays after 12 h and for apoptosis and
expression analyses after 72 h.

MTT assay for cell survival and viability

The transfected H1299/DDP and A549/DDP cells were
seeded in 96-well dishes at 3000 cells per well and cul-
tured at 37�C for 48 h. The cells were then challenged
with (survival analysis) or without (viability analysis) vari-
ous concentrations of DDP (Sigma-Aldrich) for 24 h. The
medium was replaced by fresh growth media containing
0.5 mg/ml of MTT solution (Roche). Following a 4-h incu-
bation at 37�C, DMSO was used to dissolve formazan
crystal. The number of viable cells was proportional to
the optical density measured by a PowerWave340 reader
(BioTek Instruments). We estimated the IC50 value of DDP
from a plot of the percentage (50%) of viable cells versus
DDP concentration.

Cell proliferation and apoptosis assays

We evaluated cell proliferation with the 5-ethynyl-20-
deoxyuridine (EdU) assay and cell apoptosis using flow
cytometry. For proliferation analysis, the transfected H1299/
DDP and A549/DDP cells were seeded in 96-well dishes at
3000 cells per well and cultured at 37�C for 48 h. After that,
cells were orderly incubated with 50 μM of EdU solution
(Invitrogen) for 2 h, Apollo488 staining solution (Ribobio)
and 40,6-diamidino-2-phenylindole (DAPI, Invitrogen)
nuclear staining solution for 20 min. Fluorescence micros-
copy was performed in 10 random fields with a fluorescence
microscope (Leica). The ratio of EdU-positive nuclei (green)
to total nuclei (blue) was calculated as the proliferation rate
of transfected cells. For apoptosis analysis, the transfected
H1299/DDP and A549/DDP cells were stained using a
Roche Annexin V-FITC/propidium iodide (PI) staining kit
as recommended by the manufacturers (Roche). Stained
cells were analyzed with a MUSE Cell Analyzer (Merck
Millipore). We considered the cells that were positive for
Annexin V as the apoptotic cells.

Measuring cell invasion by transwell assay

We plated the transfected H1299/DDP and A549/DDP cells
at 2 � 105 cells per well into 24-well transwell inserts pre-
coated with Matrigel (8 μm pore size, Corning). We placed
the inserts into the culture dishes containing the fresh
growth media. Following a 24-h culture at 37�C (cell prolif-
eration was not significantly inhibited by circ_0058357
silencing in this time point (Figure S2), the invaded cells
(5 randomly selected fields per sample) on the undersurface

of the membrane were counted using 100� bright-field
microscopy with a microscope (Nikon).

Measuring cell migration by wound-healing
assay

The transfected H1299/DDP and A549/DDP cells were
seeded into six-well dishes and cultured at 37�C for 6 h to
create a monolayer. Subsequently, a homogeneous wound
track was made using the tip of a fine forceps. We acquired
images at 0 and 24 h of at least five randomly selected
microscopic fields and quantified cell migration by analyz-
ing the area of wound repair with NIS Elements software
(Nikon).

Western blot

We obtained total protein from tissue samples and cultured
cells using the RIPA buffer (Merck Millipore) supplemented
with protease inhibitors (Thermo Fisher Scientific) as per the
accompanying recommendations. For immunoblotting, pro-
teins were resolved on the Mini-Protean TGX gels (Bio-Rad)
by electrophoresis, and the resulting gels were electro-
transferred to nitrocellulose membranes (Bio-Rad). The pri-
mary antibodies (Abcam) employed were: rabbit monoclonal
CyclinD1 (ab16663), rabbit monoclonal ABCC1 (ab260038),
rabbit polyclonal matrix metalloproteinase 9 (MMP9,
ab38898), rabbit polyclonal multidrug resistance 1 (MDR1,
ab129453) and rabbit monoclonal GAPDH (ab181602). The
anti-rabbit IgG labeled by HRP was used as the secondary
antibody (ab205718, Abcam). Immunoreactivity was detected
by ECL (Merck Millipore), and band densitometry was ana-
lyzed with the ChemiDoc MP Imager and Image Lab software
as described by the manufacturers (Bio-Rad).

Bioinformatics

To search the miRNA-binding sites to circ_0058357, we
used the StarBase and Circinterctome computational algo-
rithms. We also used the StarBase target prediction software
to predict the molecular targets of miR-361-3p.

Dual-luciferase reporter assay

The segment of circ_0058357 or ABCC1 30UTR harboring
the predicted miR-361-3p complementary sites, provided by
Abiocenter, was cloned into Xho I and Pme I sites down-
stream of the SV40 promoter-driven renilla luciferase
cassette in psiCHECK-2 vector (Promega). Mutations in the
seed sequence were generated by TaKaRa MutanBEST
Kit as described by the manufacturers (TaKaRa). MiR-
361-3p mimic (30 nM) or negative control and the indi-
cated reporter construct (200 ng) were cotransfected into
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H1299/DDP and A549/DDP cells using lipofectamine
3000. We tested the luciferase activity after 48 h using the
dual-luciferase reporter system with a luminometer based
on the manufacturer’s guidance (Promega).

Generation of stable circ_0058357 depletion
cell line

We obtained lentiviral particles coding circ_0058357 shRNA
(sh-circ_0058357) or mock shRNA (sh-NC) from Geneseed.
A stable circ_0058357 depletion cell line was achieved by
transducing the virus particles into A549/DDP cells in
media containing 8 μg/ml polybrene. Two days after infec-
tion, virus-positive cells were selected with puromycin
(2 μg/ml) for 2 weeks.

Xenograft model studies

All animal experiments followed international guidelines
and the study was approved by the Animal Care and Use
Committee of the First Affiliated Hospital of Zhengzhou
University. We used 6–8-week-old BALB/c female nude
mice (Ai Ling Fei Biotechnology Co., Ltd.) for examining
the effect of circ_0058357 on the tumorigenicity of A549/
DDP cells and DDP cytotoxic activity. For xenograft forma-
tion, we gave BALB/c nude mice a 200 μl volume of PBS
containing 4 � 106 transduced A549/DDP cells by subcuta-
neous injection into their right flanks. After eight days,
we performed DDP (30 mg/kg, every 3 days) or PBS
administration by intraperitoneal injection and measured
tumor volumes (length � width2/2) using a digital caliper
every three days. Each group included six mice. On day
23, mice were sacrificed by CO2 overdose according to
institutional ethics guidelines. Postmortem examination
included weight measurement, and the tumors were ana-
lyzed for circ_0058357, miR-361-3p, ABCC1 and MMP9
expression levels by qRT-PCR and western blot as above
and immunohistochemistry assay with antibodies against
ABCC1 (ab260038, Abcam) and MMP9 (MA5-15886,
Invitrogen), as described elsewhere.22

Statistical analysis

Data are presented as means of at least three independent
experiments performed in quintuplicate, with the standard
error of the mean. In general, we used a two-tailed Student’s
t-test (two groups) or analysis of variance with Dunnett’s
post hoc test (multiple groups) to compare significant differ-
ences. We employed the Pearson’s correlation coefficients
to analyze the expression correlation between miR-361-3p
and circ_0058357 or ABCC1 in NSCLC tissues obtained
from recurrent patients after treatment of DDP-based che-
motherapy. Values of p < 0.05 were considered statistically
significant.

RESULTS

Overexpression of circ_0058357 in
DDP-resistant NSCLC

To observe the relevance of circ_0058357 in adaptive DDP
resistance, we initially examined its expression pattern by
qRT-PCR analysis and found a clear upregulation of
circ_0058357 in a panel of DDP-resistant NSCLC tissues
compared with the primary sensitive NSCLC tumors
(Figure 1(a)). We also assessed circ_0058357 expression in
H1299/DDP and A549/DDP NSCLC cells. H1299/DDP
and A549/DDP cells showed increased expression of
circ_0058357 compared to the parental cells (Figure 1(b)).
Additionally, we performed RNase R treatment to validate
the RNase R resistance of circ_0058357. Circ_0058357 was
more tolerant of RNase R digestion than the linear GAPDH
transcript (Figure 1(c),(d)), suggesting that circ_0058357
has a higher tolerance to exonucleases. Moreover, subcellu-
lar localization analysis revealed that circ_0058357 predomi-
nantly localized to the cytoplasm of H1299/DDP and A549/
DDP cells (Figure 1(e),(f)).

Inhibition of circ_0058357 impedes cell growth,
invasion, migration, and promotes DDP
sensitivity and cell apoptosis of H1299/DDP
and A549/DDP cells in vitro

To elucidate the precise role of circ_0058357, we decreased
circ_0058357 expression with siRNA-targeting circ_0058357
(si-circ_0058357) in H1299/DDP and A549/DDP cells,
which expressed high levels of circ_0058357. The
circ_0058357 inhibition efficacy of si-circ_0058357 was veri-
fied by qRT-PCR analysis (Figure 2(a)). H1299/DDP and
A549/DDP cells exhibited higher IC50 values of DDP com-
pared with the sensitive parents (Figure 2(b)). Intriguingly,
circ_0058357 loss of function markedly lessened the IC50 for
DDP of H1299/DDP and A549/DDP cells (Figure 2(c)),
indicating that inhibition of circ_0058357 sensitized H1299/
DDP and A549/DDP cells to DDP therapy. Moreover,
downregulation of circ_0058357 potently hindered the
viability (Figure 2(d)) and proliferation (Figure 2(e)) of
H1299/DDP and A549/DDP cells. Conversely, down-
regulation of circ_0058357 strongly enhanced cell apopto-
sis of H1299/DDP and A549/DDP cells compared
with the si-NC controls (Figure 2(f )). Furthermore,
circ_0058357-silenced H1299/DDP and A549/DDP cells
showed suppressed invasion (Figure 2(g)) and migration
(Figure 2(h)) rates compared to the controls. Addition-
ally, inhibition of circ_0058357 resulted in decreased
levels of cycle-related cyclin D1, migration-related MMP9
and MDR1 in H1299/DDP and A549/DDP cells compared
with the si-NC controls (Figure 2(i),(j)). Together, these
findings establish that circ_0058357 affects cell functional
properties and DDP sensitivity of H1299/DDP and A549/
DDP cells.
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MiR-361-3p is a crucial mediator of
circ_0058357 regulation

To understand how circ_0058357 influences the functional
properties of H1299/DDP and A549/DDP cells, we consid-
ered its targeted miRNAs as the potential downstream medi-
ators of circ_0058357 function. Using the StarBase and
Circinteractome computational algorithms, we found that
there existed five miRNAs (miR-532-3p, miR-503, miR-
545-3p, miR-665 and miR-361-3p) that overlapped by the
two methods (Figure 3(a)). Intriguingly, we observed the
significant upregulation of miR-545-3p and miR-361-3p in
circ_0058357-silenced H1299/DDP and A549/DDP cells
(Figure 3(b),(c)). Of them, miR-361-3p was the most signifi-
cantly upregulated as a result of circ_0058357 depletion
(p < 0.0001, Figure 3(b),(c)). We thus selected miR-361-3p
for further studies. Bioinformatic analysis by the StarBase
method revealed that circ_0058357 harbored a putative
complementary region for miR-361-3p (Figure 3(d)). Analy-
sis of miR-361-3p expression in DDP-resistant NSCLC tis-
sues showed that miR-361-3p was markedly suppressed in
DDP-resistant NSCLC tissues compared with the sensitive
controls (Figure 3(e)). Having established that inhibition of
circ_0058357 elevated miR-361-3p expression (Figure 3(b),
(c)), we asked if there existed an inverse correlation between
miR-361-3p and circ_0058357 levels in DDP-resistant
NSCLC tissues. As expected, miR-361-3p expression
inversely correlated with circ_0058357 level in NSCLC tis-
sues from recurrent patients (Figure 3(f)). Furthermore,
H1299/DDP and A549/DDP cells showed lower expression

of miR-361-3p compared with the matched sensitive cells
(Figure 3(g)). To ascertain the direct relationship between
circ_0058357 and miR-361-3p, we cloned the circ_0058357
fragment containing the predicted target sequence into a
luciferase vector and mutated the miR-361-3p target
sequence. The effectiveness of miR-361-3p mimic transfec-
tion in elevating miR-361-3p was verified by qRT-PCR
analysis (Figure 3(h)). With the wild-type reporter and miR-
361-3p upregulation produced a clear downregulation in
luciferase activity (Figure 3(i),(j)). When the target sequence
was mutated, little decrease was observed with miR-361-3p
elevation (Figure 3(i),(j)). Additionally, overexpression of
circ_0058357 by an expression plasmid introduction, con-
firmed by qRT-PCR (Figure 3(k)), caused a distinct repres-
sion in the level of endogenous miR-361-3p in H1299/DDP
and A549/DDP cells (Figure 3(l)).

On the basis of our findings that circ_0058357 could affect
miR-361-3p expression, we hypothesized that the effects of
circ_0058357 deficiency are due to the elevation of miR-
361-3p. To address this possibility, we decreased miR-361-3p
expression with miRNA inhibitor (anti-miR-361-3p) in
circ_0058357-silenced H1299/DDP and A549/DDP cells
(Figure 4(a)). Remarkably, downregulation of miR-361-3p
reversed circ_0058357 depletion-caused reduction of the IC50

for DDP of H1299/DDP and A549/DDP cells (Figure 4(b)).
Moreover, downregulation of miR-361-3p strongly abrogated
circ_0058357 loss-driven antiviability (Figure 4(c)), antip-
roliferation (Figure 4(d)), proapoptosis (Figure 4(e)),
antiinvasion (Figure 4(f)), and antimigration (Figure 4(g))
effects in H1299/DDP and A549/DDP cells. Furthermore,

F I G U R E 1 Overexpression of circ_0058357 in DDP-resistant NSCLC. (a) qRT-PCR analysis of circ_0058357 in clinical NSCLC tissues from
23 recurrent patients after treatment of DDP-based chemotherapy (Resistant) and 21 primary patients before therapeutic treatment (Sensitive). (b) Relative
circ_0058357 expression in A549/DDP, A549, H1299/DDP, H1299 NSCLC cells and human normal HBE cells by qRT-PCR analysis. (c) and (d) RNase R
resistance of circ_0058357 was validated by RNase R treatment. (e) and (f) The main cytoplasmic localization of circ_0058357 was confirmed by subcellular
localization analysis. **p < 0.01, ****p < 0.0001
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reduced expression of miR-361-3p strikingly counteracted
the impact of circ_0058357 depletion on CyclinD1, MMP9
and MDR1 expression levels in H1299/DDP and A549/DDP

cells (Figure 4(h),(i)). All these results suggest that inhibition
of circ_0058357 affects the functional properties of H1299/
DDP and A549/DDP cells partially through miR-361-3p.

F I G U R E 2 Legend on next page.
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ABCC1 is a direct target of miR-361-3p

To identify the downstream effectors of miR-361-3p, we used
the computational target prediction StarBase. Intriguingly, we
found that the 30UTR of ABCC1 harbored a putative binding
region for miR-361-3p (Figure 5(a)). In both H1299/DDP and
A549/DDP cell lines, introduction of miR-361-3p mimic
reduced the luciferase activity of the wild-type 30UTR reporter
construct, not the mutant-type 30UTR reporter (Figure 5(b),
(c)). Additionally, in DDP-resistant NSCLC tissues, ABCC1
was highly expressed and it inversely correlated with miR-
361-3p level (Figure 5(d)–(f)). Moreover, ABCC1 protein level

was significantly upregulated in H1299/DDP and A549/DDP
cells compared with the sensitive controls (Figure 5(g)). The
ability of miR-361-3p to regulate the endogenous ABCC1 pro-
tein was also tested. H1299/DDP and A549/DDP cells were
transfected with miR-361-3p mimic or anti-miR-361-3p. The
miR-361-3p reduction efficacy of anti-miR-361-3p was evalu-
ated by qRT-PCR analysis (Figure 5(h)). As would be
expected, ABCC1 protein level was decreased by miR-361-3p
overexpression, and conversely elevated by reduced expression
of miR-361-3p (Figure 5(i)). Taken together, these findings
demonstrate that miR-361-3p regulates ABCC1 expression
through the perfect binding sequence in ABCC1 30UTR.

F I G U R E 2 Circ_0058357 regulates the growth, invasion, migration, apoptosis and DDP sensitivity of H1299/DDP and A549/DDP cells in vitro.
(a) qRT-PCR analysis of circ_0058357 in si-circ_0058357- or si-NC-transfected H1299/DDP and A549/DDP cells. (b) MTT assay presenting the IC50 for
DDP in A549/DDP, A549, H1299/DDP, H1299 NSCLC cells. (c) H1299/DDP and A549/DDP cells were introduced with si-circ_0058357 or si-NC and
exposed to various concentrations of DDP for 24 h, followed by the evaluation of the IC50 of DDP by MTT assay. (d)–(j) H1299/DDP and A549/DDP cells
were introduced with si-circ_0058357 or si-NC for 48 h. (d) The viability of transfected H1299/DDP and A549/DDP cells was examined by MTT assay.
(e) Representative images depicting a cell proliferation assay performed by the usage of EdU assay. (f) Representative pictures displaying a cell apoptosis
assay performed by flow cytometry. (g) Representative images showing a cell invasion assay and transwell assay for cell invasion. (h) Representative pictures
depicting a cell migration assay and cell migration by wound-healing assay. (i) and (j) The levels of CyclinD1, MMP9 and MDR1 in transfected H1299/DDP
and A549/DDP cells were detected by western blot. **p < 0.01, ***p < 0.001, ****p < 0.0001

F I G U R E 3 Circ_0058357 targets miR-361-3p. (a) Venn diagrams showing the putative target miRNAs of circ_0058357 predicted by the Starbase and
Circinterctome computational algorithms. (b) and (c) qRT-PCR analysis of miR-532-3p, miR-503, miR-545-3p, miR-665 and miR-361-3p expression in si-
circ_0058357- or si-NC-transfected H1299/DDP and A549/DDP cells. (d) Sequence of miR-361-3p, the putative miR-361-3p complementary sequence
within circ_0058357 and the mutation in the target sequence. (e) qRT-PCR analysis of miR-361-3p expression in clinical NSCLC tissues from 23 recurrent
patients after treatment of DDP-based chemotherapy (Resistant) and 21 primary patients before therapeutic treatment (Sensitive). (f) Expression correlation
between miR-361-3p and circ_0058357 in NSCLC tissues from 23 recurrent patients after treatment of DDP-based chemotherapy (Resistant). (g) Relative
expression of miR-361-3p in A549/DDP, A549, H1299/DDP, H1299 NSCLC cells and human normal HBE cells was gauged by qRT-PCR analysis. (h) The
expression of miR-361-3p in miR-361-3p mimic- or miR-NC mimic-transfected H1299/DDP and A549/DDP cells was gauged by qRT-PCR analysis. (i) and
(j) Dual-luciferase reporter assays revealing the suppression of miR-361-3p on luciferase activity of WT-circ_0058357 but not MUT-circ_0058357. qRT-PCR
analysis of circ_0058357 (k) and miR-361-3p (l) expression in H1299/DDP and A549/DDP cells transfected with circ_0058357 expression plasmid or
pCD5-ciR control plasmid. **p < 0.01, ***p < 0.001, ****p < 0.0001
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MiR-361-3p-mediated inhibition of ABCC1
regulates the growth, invasion, migration,
apoptosis and DDP sensitivity of H1299/DDP
and A549/DDP cells

Apart from the inhibition of ABCC1 expression (Figure
6(a)), enforced expression of miR-361-3p by miR-361-3p
mimic introduction reduced the IC50 of DDP (Figure 6(b)),
suppressed cell viability (Figure 6(c)), proliferation (Figure
6(d)), as well as accelerated cell apoptosis (Figure 6(e)),
and hampered cell invasion (Figure 6(f)) and migration
(Figure 6(g)) of H1299/DDP and A549/DDP cells. Enforced
expression of miR-361-3p also decreased the protein levels of

cyclin D1, MMP9 and MDR1 in both H1299/DDP and A549/
DDP cell lines (Figure 6(h),(i)).

To elucidate whether ABCC1 is a downstream effector
of miR-361-3p function, we overexpressed miR-361-3p in
H1299/DDP and A549/DDP cells together with a recombi-
nant plasmid expressing ABCC1; this plasmid encodes the
ABCC1 coding sequence but lacks the 30UTR, yielding an
mRNA that is resistant to miR-361-3p-driven inhibition of
translation. The effectiveness of the recombinant plasmid in
increasing ABCC1 protein level was validated by western
blot (Figure 6(a)). Notably, restoration of ABCC1 protein
abolished the effects of miR-361-3p upregulation in H1299/
DDP and A549/DDP cells (Figure 6(b)–(i)). These results

F I G U R E 4 The effects of circ_0058357 inhibition are abolished by the downregulation of miR-361-3p. (a)–(i) H1299/DDP and A549/DDP cells were
transfected with si-circ_0058357 + anti-miR-361-3p, si-circ_0058357 + anti-miR-NC, si-circ_0058357 or si-NC. (a) qRT-PCR analysis of miR-361-3p
expression in transfected H1299/DDP and A549/DDP cells. (b) Transfected H1299/DDP and A549/DDP cells were exposed to various concentrations of
DDP and checked for cell survival and the IC50 value by MTT assay. (c) The viability of transfected H1299/DDP and A549/DDP cells by MTT assay. (d) The
proliferation of transfected H1299/DDP and A549/DDP cells by EdU assay. (e) Flow cytometry of cell apoptosis of transfected H1299/DDP and A549/DDP
cells. (f) Transwell assay of cell invasion of transfected H1299/DDP and A549/DDP cells. (g) Wound-healing assay of cell migration of transfected H1299/
DDP and A549/DDP cells. (h) and (i) Western blot showing CyclinD1, MMP9 and MDR1 levels in transfected H1299/DDP and A549/DDP cells. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001
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collectively establish the notion that miR-361-3p affects the
functional properties of H1299/DDP and A549/DDP cells at
least in part by targeting ABCC1.

Circ_0058357 operates as a regulator of ABCC1
expression through miR-361-3p

The above observations demonstrated that circ_0058357 and
ABCC1 harbor a shared binding sequence for miR-361-3p.
Hence, we next decided to investigate whether circ_0058357
could affect ABCC1 expression. Indeed, ABCC1 protein level
was remarkably reduced in circ_0058357-silenced H1299/
DDP and A549/DDP cells; however, this effect was strongly
abated by miR-361-3p downregulation (Figure 7(a),(b)). All

these findings suggest that circ_0058357 affects ABCC1
expression by competitively binding to shared miR-361-3p.

Inhibition of circ_0058357 diminishes the
growth of A549/DDP cells and sensitizes them
to the cytotoxic effect of DDP in vivo

To determine whether circ_0058357 possesses regulatory
effects in vivo, we transduced A549/DDP cells with sh-
circ_0058357 or sh-NC and injected them subcutaneously into
the right flanks of BALB/c nude mice before DDP or PBS
administration. Strikingly, sh-circ_0058357 transduction or
DDP administration repressed tumor growth (Figure 8(a),(b)).
Interestingly, simultaneous sh-circ_0058357 transduction and

F I G U R E 5 MiR-361-3p direct targets and inhibits ABCC1. (a) Sequence of miR-361-3p, the putative miR-361-3p complementary sequence within
ABCC1 30UTR and the mutation in the target sequence. (b) and (c) Dual-luciferase reporter assay revealing the repression of miR-361-3p on the luciferase
activity of the wild-type 30UTR reporter construct (WT-ABCC1 30UTR), but not mutant reporter construct (MUT-ABCC1 30UTR). (d) qRT-PCR analysis of
ABCC1 mRNA expression in clinical NSCLC tissues from 23 recurrent patients after treatment of DDP-based chemotherapy (Resistant) and 21 primary
patients before therapeutic treatment (Sensitive). (e) Expression analysis of ABCC1 mRNA and miR-361-3p in NSCLC tissues from 23 recurrent patients
after treatment of DDP-based chemotherapy (Resistant). (f) Western blot of ABCC1 protein level in clinical NSCLC tissues from five recurrent patients after
treatment of DDP-based chemotherapy (Resistant) and five primary patients before therapeutic treatment (Sensitive). (g) Western blot of ABCC1 protein
level in A549/DDP, A549, H1299/DDP, H1299 NSCLC cells and human normal HBE cells. (h) qRT-PCR analysis of miR-361-3p expression in anti-miR-NC-
or anti-miR-361-3p-transfected H1299/DDP and A549/DDP cells. (i) Relative ABCC1 protein level by western blot in H1299/DDP and A549/DDP cells
introduced with anti-miR-361-3p, anti-miR-NC, miR-361-3p mimic or miR-NC mimic. ***p < 0.001, ****p < 0.0001
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DDP administration led to a clearer repression in tumor
growth (Figure 8(a),(b)). Furthermore, sh-circ_0058357-
transduced tumors showed reduced levels of circ_0058357
and ABCC1 protein and increased expression of miR-361-3p
with or without DDP administration (Figure 8(c)–(e)). Our
immunohistochemistry analysis also showed a strong reduc-
tion in the level of metastasis-related MMP9 protein23,24 in
sh-circ_0058357-transduced tumors with or without DDP
administration (Figure 8(e)), suggesting that circ_0058357
depletion may weaken the metastatic potential of the tumors.

All these data suggest that downregulation of circ_0058357
expression diminishes tumor growth and enhances DDP sen-
sitivity in vivo.

DISCUSSION

Drug resistance has become a major reason behind the fail-
ure of chemotherapy in NSCLC.25 However, little is known
about DDP resistance mechanisms. Intense efforts have led

F I G U R E 6 ABCC1 is a functional target of miR-361-3p. (a)–(i) H1299/DDP and A549/DDP cells were transfected with miR-361-3p mimic+ABCC1
expression plasmid, miR-361-3p mimic+pcDNA control plasmid, miR-361-3p mimic or miR-NC mimic. (a) Western blot showing ABCC1 protein level in
transfected H1299/DDP and A549/DDP cells. (b) Transfected H1299/DDP and A549/DDP cells were exposed to various concentrations of DDP and checked
for cell survival and the IC50 value by MTT assay. (c) MTT assay for the viability of transfected H1299/DDP and A549/DDP cells. (d) EdU assay for the
proliferation of transfected H1299/DDP and A549/DDP cells. (e) Cell apoptosis of transfected H1299/DDP and A549/DDP cells by flow cytometry. (f) Cell
invasion of transfected H1299/DDP and A549/DDP cells by transwell assay. (g) Cell migration of transfected H1299/DDP and A549/DDP cells by wound-
healing assay. (h) and (i) Western blot showing CyclinD1, MMP9 and MDR1 levels in transfected H1299/DDP and A549/DDP cells. **p < 0.01, ***p < 0.001,
****p < 0.0001
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to the identification of deregulated circRNA activity in the
development of DDP resistance in NSCLC.8,10,26 In this
study, we have demonstrated the influence of circ_0058357
on the functional properties and DDP sensitivity of H1299/
DDP and A549/DDP cells. More importantly, we have

established a new circRNA/miRNA/mRNA network impli-
cated in the regulation of DDP-resistant NSCLC cells.

Our findings showed the overexpression of circ_0058357
in DDP-resistant NSCLC. Consistent with the recent work
showing the tumor-inhibitory effect of circ_0058357

F I G U R E 7 Circ_0058357 affects ABCC1 expression
through miR-361-3p. H1299/DDP (a) and A549/DDP
(b) cells were transfected with si-circ_0058357 + anti-miR-
361-3p, si-circ_0058357 + anti-miR-NC, si-circ_0058357 or
si-NC and checked for ABCC1 protein level by western blot.
**p < 0.01, ***p < 0.001, ****p < 0.0001

F I G U R E 8 Inhibition of circ_0058357 represses tumor growth and sensitizes A549/DDP cells to DDP in vivo. (a)–(e) A549/DDP cells infected with sh-
circ_0058357 or sh-NC were injected (4 � 106 cells each mouse) subcutaneously into BALB/c nude mice. After eight days, DDP (30 mg/kg, every 3 days) or
PBS administration and tumor volume measurement began. Each group included six mice. Twenty-three days later, tumors were collected. (a) Growth curve
of the tumors. (b) Representative images and mean weight of the xenograft tumors. (c) qRT-PCR analysis of circ_0058357 and miR-361-3p levels in the
tumors. (d) Western blot showing ABCC1 protein level in the excised tumors. (e) Immunohistochemistry of ABCC1 and MMP9 protein levels in the tumors.
Scale bar: 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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deficiency on NSCLC,12 we first demonstrated that inhibi-
tion of circ_0058357 impedes the growth and metastasis of
H1299/DDP and A549/DDP cells and sensitizes them to the
cytotoxic effects of DDP. As previously reported for other
circRNAs,27,28 circ_0058357 is RNase R resistant because of
its covalently bonded structure.4 Additionally, the cytoplas-
mic localization of circ_0058357 in H1299/DDP and A549/
DDP cells provides the possibility for the interactions
between circ_0058357 and miRNAs because miRNAs
silence gene expression in the cytoplasm in the RNA-
induced silencing complex (RISC).29

Numerous circRNAs form a crucial type of post-
transcriptional regulators by inhibiting miRNA activity.30 Here,
we first ascertained that circ_0058357 harbors a miR-361-3p
binding site, and the effects of circ_0058357 inhibition are par-
tially due to the elevation of miR-361-3p. The dual role of
miR-361-3p in human carcinogenesis as either tumor inhibi-
tors or tumor drivers has been highlighted (for instance): miR-
361-3p contributes to the development of pancreatic cancer31

and breast cancer32; miR-361-3p works as a strong anticancer
factor in lymphoma33 and ovarian cancer.34 The contradictory
findings may be attributed to the different types of tumors in
these reports. In line with previous studies showing the anti-
cancer activity of miR-361-3p in NSCLC,14–16 we uncovered
that miR-361-3p hinders the growth and metastasis of H1299/
DDP and A549/DDP cells and sensitizes them to DDP ther-
apy. A recent study has also discovered that miR-361-3p can
promote enzalutamide (Enz) sensitivity of Enz-resistant pros-
tate cancer by targeting androgen receptor splicing variant
7 (ARv7).35

ABCC1 participates in the development of drug resistance
in cancers, such as hepatocellular, colon and ovarian can-
cers.36–38 Moreover, ABCC1 exerts an important promoting
effect on the development of DDP resistance in NSCLC.19–21

In this study, we first showed that miR-361-3p inhibits
ABCC1 expression through the perfect binding sequence in
ABCC1 30UTR, and inhibition of ABCC1 by miR-361-3p is
partially responsible for the regulation of miR-361-3p in the
growth, metastasis and DDP sensitivity of H1299/DDP and
A549/DDP cells. Pei et al.21 reported that miR-185-5p affected
DDP sensitivity of NSCLC by targeting ABCC1. Furthermore,
we pointed to the role of circ_0058357 as a post-
transcriptional regulator of ABCC1 expression by competing
for binding to miR-361-3p. ABC efflux transporters, including
ABCC1, contribute to drug resistance in cancer cells by limit-
ing the exposure to anticancer drugs.39 Thus, developing the
inhibitors of ABC efflux transporters is an effective approach
to overcome drug resistance. With our findings, we envision
that inhibition of circ_0058357 may be a promising point for
the development of circRNA-based therapies against DDP
resistance in NSCLC.

Taken together, we have demonstrated that inhibition of
circ_0058357 suppresses the growth and metastasis of
H1299/DDP and A549/DDP cells and sensitizes them to
DDP therapy. We have identified a novel circ_0058357/
miR-361-3p/ABCC1 network which regulates the DDP
resistance of NSCLC.
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